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ABSTRACT 
In this paper, a new generation of composite sandwich slab is proposed as a solution for the 
rehabilitation of slabs in old masonry buildings. An innovative solution was developed during 
this research formed by four components: a Deflection Hardening Cement Composite (DHCC) 
layer on the top compression skin, a Glass Fiber Reinforced Polymer (GFRP) skin at the bottom 
tension surface, GFRP ribs to transfer shear from top to bottom layers, and foam core for 
thermal-insolation purposes. The DHCC layer contributes significantly for the load carrying and 
deflection capacity due to its stiffness, compressive strength and toughness, offers resistance to 
the occurrence of buckling phenomena in the GFRP ribs, improves the performance of this 
structural concept against impact and fire, and constitutes an excellent medium for the 
application of finishing materials, like ceramics or timber. Two different hybrid composite slabs 
were developed and tested, and their behavior was assessed under flexural loading. The results 
showed that the developed hybrid sandwich slabs accomplish all design requisites for 
serviceability and ultimate limit states, and assure a stiffness/dead-weight and load-
capacity/dead-weight ratios much higher than conventional structural slab systems. 
Keywords: Hybrid sandwich panel; Deflection Hardening Cement Composite; GFRP shear 
connectors; GFRP skin; Polyurethane foam; Flexural loading. 
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1. Introduction 
Rehabilitation of slabs in old masonry buildings is gaining increasing attention. In fact, 
rehabilitation of these elements with traditional materials introduces significant dead loads in 
constructions, increasing their seismic vulnerability, and poses constructive problems 
associated to transport, elevation and placement operations on narrow accesses. Glass fiber 
reinforced polymer materials (GFRP) may be successfully used in sandwich panels for the 
development of new generation of structural elements that present several advantages over 
traditional ones, namely, higher mechanical performance, cost competitive solutions, better 
behavior in terms of insulation, lower maintenance and higher durability. Sandwich panel 
elements formed by composite materials are generally composed of top and bottom FRP skins 
that assure the flexural capacity and stiffness. A foam core material is used in the middle layer 
to increase the thermo-insolation and to lighten the construction system, and to contribute for 
the transference of shear stresses between the FRP skins. Due to their high strength-to-weight 
and stiffness-to-weight ratios, sandwich panels have been commonly used in aerospace and 
automotive industries [1]. Civil infrastructures and transportation applications are more recent 
applications of sandwich structures [1]. The typical sandwich panels used in structural 
applications consist of two thin and stiff outer skins that have in between them a thick and 
relatively flexible core, bonded with an adhesive. The skins provide flexural stiffness and 
strength to the panel, while the core provides shear stiffness, composite action and stress 
transference between the skins. Typical skin materials include aluminum, FRP systems and, in 
some structural applications, reinforced or pre-stressed concrete [1]. Core materials typically 
include polymeric foams, balsa wood or lightweight honeycomb structures. 
Extensive studies have been done by several researchers on new generation solutions for these 
structural elements. In 2014, Lu Wang et al. [3] investigated the flexural behavior of an 
innovative sandwich panel with GFRP face sheets and a foam-web core (GFFW panels). These 
authors have developed and tested a kind of foam-filled lattice composite sandwich panel (see 
Fig. 1a). Regarding this, GFRP sheets were used as face skins and GFRP lattice webs were 
embedded in urethane foams to have innovative foam-filled lattice composite panels. Vacuum 
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assisted resin infusion process was used to manufacture these sandwich panels. An 
experimental program was carried out to validate the effectiveness of this type of panels in 
terms of flexural capacity. The experimental results indicate that compared to the traditional 
sandwich panels, the presence of the webs in the GFFW panels has provided a maximum 
increase of about 410% in terms of ultimate flexural capacity. Thicker and higher web have 
significantly increased the ultimate flexural capacity and the initial flexural stiffness of GFFW 
panels (see Fig. 1a). 
Delamination between skins and foam core occurs frequently in traditional sandwich panels, 
which results in a significant decrease of the load carrying capacity and deflection performance 
of these panels. In 2008 Reis and Rizkalla [4] proposed a new type of sandwich panel consisting 
of top and bottom skins of GFRP laminates connected together with through thickness 
unidirectional glass fibers to prevent delamination between skins and foam core (see Fig. 1b). 
The increase of both the load carrying and deflection capacities was caused by the improved 
composite action between GFRP laminate skins and foam core through thickness unidirectional 
glass fibers.  
In 2010, Fam and Sharaf [5] investigated the flexural performance of sandwich panels 
comprising polyurethane core, GFRP skins and ribs of various configurations to connect top and 
bottom GFRP skins and to increase both flexural and shear stiffness of sandwich panel (see Fig. 
1c). Their studies showed that by using the ribs, the strength and stiffness of the panels have 
increased in comparison to sandwich panels without internal ribs. This increase level was 
dependent of the configuration of the ribs. In the panel without ribs, the shear deformation of 
the core contributed for the mid-span deflection more than 50%. By using ribs, the shear 
deformation of the panels was limited to 15-20% of the total deflection. 
In 2012, Sopal et al. [6] developed GFRP sandwich panels built with GFRP corrugated sheets in 
addition to the through-thickness fibers to enhance their structural characteristics (see Fig. 1d). 
Using through-thickness fibers has prevented delamination between skins and foam core, while 
GFRP corrugated sheets have increased the shear and flexural stiffness for the proposed GFRP 
sandwich panels. Experimental results showed that adding corrugated GFRP sheet has 
Mastali, Mohammad, Valente, Isabel B., Barros, Joaquim A. O., Gonçalves, Delfina (2015). 
Development of innovative hybrid sandwich panel slabs: Experimental results.  
Paper submitted to Composite Structures, Elsevier, ISSN 0263-8223. 
increased significantly the shear and flexural stiffness, and has delayed the formation of cracks 
in the foam, resulting an improved resistance to fatigue loading. 
Norton [7] proposed a deck consisting of two skins of E-glass fabric and truss webs made by 
GFRP materials to act as flexural members supported by the girders. Each skin was formed by 
two orthogonal woven fabrics that were stitched together by fibers in the perpendicular 
direction to form a 3-D GFRP material for the entire cross section [7], Fig. 1e. Balsa cores were 
inserted between truss GFRP webs to maintain the configuration of the cross section during the 
vacuum infusion process using epoxy resin. They also used a concrete layer on the top skin to 
obtain a hybrid sandwich panel. As shown in Fig. 1f, steel and composite connectors were used 
to connect the top concrete layer to the bottom GFRP skin, as well as to provide a composite 
action to the GFRP cross section [7]. The tests carried out by these authors showed that the 
bond between the concrete and GFRP was inadequate (see Fig. 1e). The authors proposed that 
by roughening the top GFRP skin surface or using a bonding agent, a stronger bond between 
concrete and top GFRP skin is assured.  
In 2014, Shams et al. [8] studied the behavior of sandwich panels made by outer layers of 
Textile Reinforced Concrete (TRC) of 3cm thickness. Alkali-resistant (AR) glass fibers of 14-27 
µm diameter and carbon fibers of 7 µm diameter were used for the reinforcement of these TRC 
outer layers, Fig. 1g. Additionally, expanded polystyrene, extruded polystyrene, and 
polyurethane were used as rigid foams in this study. The main purpose of this study was to 
develop a good connection system between top and bottom concrete skins for the load 
transference between the two separate concrete layers. For this purpose two types of 
connectors made of fiber-reinforced polymers (FRP) with low thermal conductivity were 
employed. The first type of connector consisted of a pin made of glass fiber reinforced polymer, 
while the second type of connector was a continuous shear grid that was cut as strips at an 
angle of 45 degree (see Fig. 1g). The obtained results revealed that utilizing continuous shear 
grids the stiffness and ductility of the sandwich panel is higher than when adopting pin 
connectors. This fact is maybe derived from the action of the shear grids as ties of a truss 
system along with the struts formed by the foam core counteracting the shear deformation [8]. 
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Fig 1. 
 
2. Structural concept of the proposed sandwich composite slab  
The innovative hybrid GFRP-DHCC sandwich slabs proposed in the present paper have a GFRP 
laminate on the bottom tension skin, and a Deflection Hardening Cement Composites (DHCC) 
layer on the top compression skin. The DHCC layer has the purpose of increasing the strength 
and ductility, and allowing easy application of floor cover materials. Utilizing DHCC materials in 
the compressive layer increases the flexural stiffness of the slab, its acoustic and thermal 
performance, and resistance against impact. Furthermore, it also provides extra fire protection 
for the core of the panel. Shear stresses in the proposed new hybrid sandwich panel are 
transferred by both GFRP ribs and foam core, but it is expected that most part of the stress is 
carried out by the GFRP ribs. In this case, the shear connection is obtained by executing 
openings in the upper part of the GFRP ribs (Fig. 1b). These openings are filled with DHCC 
during casting, forming DHCC dowels that are capable of transferring the mobilized shear 
forces. Another important aspect related to the sandwich slab is the adhesive bond between 
the foam and the skin layers. This adhesive bond is introduced for enhancing the transference 
of shear forces between layers, by contributing in this way for the desired composite action [2].  
According to the aforementioned reasons, these structural elements can also be used in other 
applications like walls or roofs, where a combination of relatively high flexural stiffness and low 
dead weight justifies the use of constituent materials of higher price than traditional ones. Fig. 
2a presents the geometry of the sandwich slab developed in the scope of the present research 
project. Each component can be considered as relatively weak by itself, but together they 
provide a strong and lightweight structural system. Fig. 2b presents the holes pattern executed 
in the GFRP rib to promote an appropriate solution for connecting this rib to the DHCC layer. 
Furthermore, to ensure proper transfer of stress from the DHCC layer to the GFRP skin through 
GFRP rib, the connection zone between GFRP skin and rib was further improved with a rounded 
transition, as shown in Fig. 2c. The main aim of the present study is to assess the performance 
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for serviceability and limit state conditions of the proposed innovative hybrid sandwich panels 
under flexural loading.  
Fig 2.  
Table 1 lists the geometry of the components forming the two types of sandwich panels 
developed, herein designated by Slab 1 and Slab 2. Each array of the properties corresponds to 
a column in Table 1, where the meaning of the letters is represented in Fig. 2d. 
 
Table 1.  
 
 
3. Assessment of material properties by experimental tests 
The developed hybrid sandwich panel is composed of different materials. An extensive 
experimental program was executed for assessing the properties of GFRP ribs, GFRP skin and 
Polyurethane foam core. Furthermore, a new fiber reinforced cement mortar for having a 
deflection hardening behavior (DHCC) and a high ductility was developed within this study. 
 
3.1. Properties of the Deflection Hardening Cement Composites (DHCC) 
Fiber reinforced cement composites (FRCC) can be classified into two main categories (Naaman 
and Reinhard, 2005): strain softening cement composites (SSCC); strain hardening cement 
composites (SHCC) [9]. The strain character of a FRCC is evaluated by executing direct tensile 
tests with un-notched dog-bone type specimens. If after crack initiation the tensile strength is 
increased with the tensile strain, the FRCC is assumed pertaining to the SHCC category, 
otherwise is considered a SSCC. During the strain hardening phase of a SHCC a diffuse crack 
pattern is formed up to the coalescence of several micro-cracks in the macro-failure crack. The 
formation of multiple cracks means that fiber bridging action is capable of arresting the further 
opening of cracks, and as a result, new cracks tend to form in the close vicinity. The macro 
crack, in general, occurs for a tensile strain higher than 1.5%. 
In bending (un-notched specimens), SSCC can present a deflection softening (DSCC) or a 
deflection hardening (DHCC) nature. During the deflection hardening phase of a DHCC several 
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cracks are formed in the tensile face of the specimen, up to the formation of the failure macro-
crack. It should be noted that the deflection hardening level is not only influenced by the fiber 
reinforcement mechanisms and matrix properties, but also by the dimension and cross-section 
geometry of the sample, since these aspects influence the fiber orientation and distribution 
[10]. The fiber reinforced mortar developed in the scope of the present research project has a 
DHCC character. Due to the formation of several cracks, the SHCC and DHCC are also connoted 
as high to ultra-high ductile materials since during the process of formation of several cracks, 
high energy is absorbed, and the ultimate tensile strain (in the case of SHCC) and the ultimate 
deflection (in the case of DHCC) are much higher than the corresponding values at crack 
initiation. This capability of forming diffuse crack patterns up to relatively high level of 
deformation has strong benefits in terms of the durability of the materials, since thinner cracks 
offer more resistance to the penetration of aggressive environmental agents. 
The parameters that have higher influence on the mechanical performance of a FRCC are the 
material type, geometry, orientation, distribution and volume content of fibers, matrix 
properties, fiber-matrix bond, casting technology to apply the FRCC, and the geometry of the 
element to be cast [10]. Fiber-matrix bond is a governing requisite for the performance of a 
FRCC [11-13]. Based on the results obtained in [11] a comparative assessment of the 
effectiveness of PP (polypropylene), PAN (Polyacrylonitrile) and nylon fibers for the increase of 
flexural strength and ductility performance of cement based materials, it was verified that PAN 
fibers were the most effective for both strength and ductility purposes. PAN fibers were also 
the most effective in terms of controlling crack width. 
Taking into account this information, as well as the availability of FISIPE (company that 
produces PAN fibers in Portugal), and CiviTest (company with expertise on the development of 
FRCC) to collaborate in this project, the PAN fibers were those selected for the development of 
the DHCC. This decision was also supported on the results obtained in a preliminary 
experimental program for the selection of the most appropriate fiber reinforcement system, 
where considerations like reinforcement effectiveness, cost competitiveness and technological 
aspects for the production and application of a thin layer of DHCC in the sandwich slab to be 
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developed were taken into account. Based on the results of this preliminary experimental 
program, and considering the synergetic benefits of fibers of different properties in terms of 
assuring effective crack control at different stage of the crack propagation [11-14], the two 
types of PAN fibers, whose relevant properties are listed in Table 2, were used for the 
development of the DHCC. 
From SEM images of the hydrophilic PAN6 and PAN12 fibers adopted in the present study, it 
was verified the PAN 6 fibres have a bean shape cross section and PAN 12 fibres cross section 
consists of circles in a trihedral configuration shape. In result of an optimization process for the 
hybrid fiber reinforcement system, a total fiber volume content of 4% was obtained, composed 
of 3% of PAN12 and 1% of PAN6. 
Table 2.  
The constituent materials for the DHCC were: Portland cement type 42.5R, fly ash, limestone 
filler (of average diameter of 3.7 μm), sand, water, viscosity modification agent (VMA) and 
superplasticizer. The optimized composition is presented in Table 3.  
Table 3.  
 
To characterize the flexural behavior of the developed DHCC, four point bending tests with 
specimens of 250 mm × 80 mm × 18 mm dimensions that were cut from panels with 
dimensions of 500 mm × 500 mm × 18 mm after have been cured during 28 days in a controlled 
environmental chamber at 23°C temperature and 70% relative humidity. The span length of the 
specimen was 230 mm, with a distance of 80 mm between each reaction support and its closest 
applied load (the reactions and applied loads are distributed in the width of the specimen). 
From the four point bending tests carried out under displacement control at a displacement 
rate of 0.6 mm/min it was obtained the force versus mid-span relationship, from which the 
flexural stress at crack initiation, the flexural strength and its corresponding deflection, and the 
energy absorption from crack initiation up to this deflection were determined, and the crack 
pattern registered (Fig. 3). The load was measured with a load cell of 10 kN capacity, while the 
deflection was recorded by a Linear Variable Differential Transformer (LVDT) of 10 mm stroke. 
According to the results presented in Fig. 3, the developed DHCC shows a pronounced 
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hardening behavior and high energy absorption capacity in bending. Flexural strength equal to 
7.85 MPa recorded at maximum hardening deflection of 3.48 mm. Additionally, for the 
developed DHCC material, the ductility and energy absorption were computed 8.76 and 24.68 
N/mm, respectively. To calculate ductility for DHCC material, the following equation was used:  
Y
U
D
D
=µ              (1) 
where DU is the deflection at flexural strength (deflection measured when the failure crack is 
formed, and the applied load starts decreasing) and DY is the maximum deflection in linear 
behavior (the deflection when the first crack is formed) (see Fig. 3c).  
Fig 3. 
 
 
SEM images were used to better understand the fiber reinforcement mechanisms provided by 
the used PAN fibers. Due to the excellent bond of PAN fibers to cement based materials, as 
shown in Fig. 4a where the surface of the fibers is covered by cement hydrated particles, the 
SEM images obtained in the fracture surface of tested specimens show a tendency for the 
rupture of the longer fibers (PAN12), while the smaller fibers (PAN6) have preponderantly failed 
by debond (Fig. 4b). The rupture of PAN12 fibers justifies the abrupt decay of the flexural 
capacity for a deflection in the interval of 5 to 7 mm (Fig. 3a) in this type of specimens.  
Fig 4.  
To calculate the energy absorption in the fracture process of the developed DHCC, three and 
four point bending tests (TBT and FPB, respectively) were carried out with notched three 
prismatic specimens of 60 (width) mm × 40 (height) mm × 245 (total length) mm. The span 
length of the specimen was 234 mm, with a distance of 74 mm between each reaction support 
and its closest applied load. The notch was executed in the mid-span of the specimen, and has a 
depth of 10 mm and an average width of 2 mm. Furthermore, three specimens of this type of 
un-notched prismatic specimens were tested in FPB configuration in order to assess the flexural 
behavior and crack pattern when a stress concentration induced by the notch is not present. 
Both FPB and TPB tests were carried out with a deflection rate of 0.6 mm/min under 
displacement control. In the tests with notched specimens the deflection and the crack mouth 
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opening displacement (CMOD) were measured, while in the un-notched specimens only the 
deflection was registered. According to the obtained results, the energy absorption in the 
fracture process up to a CMOD=2.5 mm was 18.56 N/mm and 14.27 N/mm in the TPB and FPB 
tests, respectively, while the flexural strength was 7.77 MPa and 8.66 MPa, respectively. In the 
FPB tests with un-notched DHCC specimens, an average flexural strength of 7.82 MPa was 
obtained at mid-span deflection of 3 mm, and multiple cracks were formed due to the 
deflection hardening character of this composite. By executing four compression tests with 
cubic specimens of 50 mm edge of 28 days age, an average compressive strength of 24 MPa 
was obtained. Additionally, to evaluate the Young’s modulus of DHCC material, four cylinders of 
50 mm diameter and 100 mm height were casted, and after 28 days curing they were tested 
according to the ASTM C469 recommendations, and an average value of 10 GPa was obtained 
for the Young’s modulus [21]. Furthermore, the specific weight of the developed DHCC material 
was 17.98 kN/m3, which is about 75% of the one of the plain concrete. Therefore, developing a 
lightweight mortar with high flexural capacity and suitable compressive strength and stiffness 
can improve the structural performance of the hybrid sandwich panels. The properties of this 
DHCC will be also relevant for serving as a shear connectors for the GFRP ribs, as will be later 
discussed.  
 
3.1.1. Assessment of the performance of DHCC for statically indeterminate support conditions  
By analyzing the support conditions of the DHCC layer in the sandwich slab represented in Fig. 
2a, the statically indeterminate character provided by the supports of the GFRP ribs can have a 
favorable effect in terms of maximum flexural capacity of the DHCC layer due to the high stress 
redistribution capacity derived from the high post cracking tensile resistance of the DHCC. To 
assess these potentialities, an experimental program was executed with two continuous span 
specimens, whose geometry and test setup is represented in Fig. 5b. These specimens were 
extracted from two panels with dimensions of 620 mm × 530 mm × 16 mm (Fig. 5a) that were 
cured during 28 days in a controlled environmental chamber at a temperature of 23°C and 70% 
relative humidity. Since the stress level varies corresponding to the applied load in the DHCC 
layer, the dimension of specimens was chosen to well indicate the maximum flexural and high 
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stress redistribution capacity of DHCC material under the statically indeterminate condition. 
Three specimens were cut in the longitudinal direction of one panel (L1 to L3), and three other 
specimens were extracted in the transversal direction (W1 to W3), in an attempt of also 
assessing the influence of fiber orientation on the flexural behavior of these specimens. The 
test setup is shown in Fig. 5b, where it is visible that each span of the specimen was submitted 
to two line loads (load distributed in the width of the specimen). The test was displacement 
controlled at a deflection rate of 0.6 mm/min by using an LVDT of 10 mm stroke for this 
purpose. One LVDT was installed in the center of each span for measuring the deflection of 
each specimen. 
Fig 5.  
In Fig. 6 is represented the relationship between deflection (in each span) and both the total 
applied load, and the flexural stress (at the section of the sagging region of maximum flexural 
stress, 
,max
S
fσ , Fig. 6a; at the hogging region, 
H
fσ , Fig. 6b). In the legends of this figure the “Li-
left/right span” means the relationship between the load (or flexural stress) versus deflection in 
the left or right span of the specimen “I (1 to 3)” extracted in longitudinal direction “L”. Similar 
meaning has “Wi-left/right span” with the unique difference that now the specimen was 
extracted in the transversal direction. Due to deficient functioning of the LVDT placed at the 
right span of the L1 specimen it was not possible to register the corresponding deflection. It is 
visible that the orientation and distribution of the fibers did not have a significant influence in 
terms of load and flexural capacity, indicating an almost homogenous distribution and 
orientation of the fibers. The average value of the maximum flexural capacity at the sagging 
regions of specimens extracted in the longitudinal (Fig. 6a) and in the transversal (Fig. 6b) was 
10.63 MPa and 9.87 MPa, respectively, which are higher than the flexural strength registered in 
the statically determinate specimens (7.85 MPa). The favorable effect of the statically 
indeterminate character when using DHCC is more visible in Fig. 6c where a maximum flexural 
stress in the hogging region has attained a value of 15.78 MPa, which is much higher than the 
value registered in simple supported beams. However this evaluation did not consider any 
moment redistribution [23] that would have occurred, but not possible to have been estimated 
since the reaction forces were not measured. If a moment redistribution has occurred in an 
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interval acceptable for ductile materials [24], the maximum flexural stress in the sagging region 
will have increased, while the maximum flexural stress in the hogging region will have 
decreased, for a level that will be, in any case, much higher than the flexural strength registered 
in the statically determinate beams. 
Fig. 6d represents the crack patterns in the top surface of the hogging (intermediate support) 
region and in the bottom surface of the sagging (mid-span) regions of the longitudinal 
specimens. In general, several cracks were formed in these regions, which supports the 
occurrence of moment redistribution between these regions.  
Fig 6.  
 
3.2. GFRP rib and skin 
For the GFRP ribs and skins various layers of GFRP fabrics with specific fiber orientations are 
used. Fibers of type UNIE640 [15] are adopted in the skin as bidirectional layer, oriented at 0 
and 90 degree. For this type of fibers, the percentage of stitched fibers at 0 degrees was 15 
times the percentage of stitched fibers at 90 degrees. Thus, the stitched fibers at 0 and 90 
degrees are aligned with the longitudinal and transversal directions of the slabs, respectively. 
Two fiber layers of UNIE640 type provide one millimeter thickness for skin layers. Based on 
preliminary FEM-based numerical simulations, it was decided to adopt 6 and 10 layers of 
UNIE640 for Slab 1 and Slab 2, respectively (see Table 4 and Figs 7a and 7c). For assuring an 
adequate shear stress capacity, the GFRP ribs were made by EBX400 [15] layers with fibers 
oriented at ±45 degree. For the slab 1, 15 layers were adopted, assuring a thickness of 5 mm 
(Fig. 7b), while in the slab 2, 9 layers were applied, resulting a thickness of 3 mm (Fig. 7d). The 
layered organization of these ribs was complemented with outer bidirectional UNIE640 layers 
with fibers oriented at 0 and 90 degree for supporting the membrane stress components that 
are developed in consequence of the stress transfer process between the bottom GFRP skin 
and the top DHCC layer. The total thickness of the ribs of slab 1 and 2 was 6 mm and 4 mm, 
respectively (Fig. 7b and Fig. 7d).  
Fig 7. 
Mastali, Mohammad, Valente, Isabel B., Barros, Joaquim A. O., Gonçalves, Delfina (2015). 
Development of innovative hybrid sandwich panel slabs: Experimental results.  
Paper submitted to Composite Structures, Elsevier, ISSN 0263-8223. 
 Resin Distitron 3501S1 [16] was used to impregnate the glass fibers placed in ribs and skins. 
According to the supplier, this resin presents a tensile strength of 65 MPa, tensile modulus of 
elasticity of 4100 MPa, flexural strength of 120 MPa, flexural modulus of elasticity of 4200 MPa 
and 2% elongation at break. 
The flexural modulus of elasticity is the ratio between the flexural stress and the flexural strain 
recorded in the tensile surface of the initial linear-elastic branch obtained in a three point 
bending test executed according to the ISO 178-2001 recommendations [22].  
The ribs and skins are composed, in volume, by 60% of fibers and 40% of resin. All details about 
properties of the GFRP layers applied in the ribs and skins of the developed slabs are indicated 
in Table 4. Five coupons were cut in the longitudinal direction (C11, C12, C23, C24, and C25) and 
other six were cut in the transversal direction of GFRP skin (C8, C9, C10, C20, C21, and C22), and 
other fourteen coupons, including four coupons in longitudinal direction (C1, C2, C13, and C14), 
five coupons in transverse direction (C3, C4, C15, C16, and C17) and five specimens at ±45 
degrees (C5, C6, C7, C17, and C18) were cut and prepared based on ASTM D3039/D 3039M-00 
[17] recommendations (see details in Fig. 8 and Table 4). The longitudinal and transversal 
directions in Fig. 8 indicate the orientation of the fibers at 0 and 90 degree, respectively.  Since 
in the ribs the highest fiber reinforcement and predominant axial stress fields are orientated at 
±45 degrees, coupons were also extracted in these directions for assessing their tensile 
behavior. Tensile specimens with dimensions of 250×25 mm2 were prepared and tested at a 
displacement rate of 2 mm/min. Figs 9a, 9b, and 9c show details of the prepared type of 
specimen, test setup, and monitoring devices to evaluate the longitudinal tensile strains, while 
Fig. 9d presents representative failure modes in the tested GFRP coupons. The failure has 
occurred in the gage area for all the coupons, but in different zones and of distinct types. 
Amongst the failure modes proposed by ASTM D3039/D 3039M-00, in the present tests the 
following ones were observed (Fig. 9): Angled failure in the bottom (AGB) and in the middle 
(AGM) zone of the gage; Lateral failure in the middle zone of the gage (LGM); Explosive failure 
in the middle zone of the gage (EGM). 
Table 4.  
Fig 8.  
Fig 9.  
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From the tensile stress-strain responses obtained in the GFRP coupons, which are represented 
in Fig. 10, the tensile strength, modulus of elasticity and ultimate strain at failure of GFRP 
coupons were determined, whose average values are included in Table 5.  
Table 5.  
Fig 10.  
In general the stress-strain response is composed of an initial linear stage followed by a phase 
of a degree of nonlinearity that depends on the arrangement and percentage of fiber 
reinforcement with respect to the direction of the applied load. In fact, when the highest 
percentage of fibers are aligned with the load direction, such is the case of C11 and C12 
specimens, an almost linear elastic response was obtained with the highest tensile strength and 
stiffness. The results in the specimens extracted from the ribs (Figs. 10a and 10c) clearly show 
that, by decreasing the effective fiber reinforcement ratio (percentage evaluated in the loading 
direction), the aforementioned nonlinear stage is more pronounced and the tensile strength is 
decreased. The specimens extracted in transversal direction of the skin presented a stress-
strain response that can be approximated by a trilinear diagram (inset of Fig. 10b). Up to a 
stress level of about 30 MPa these coupons presented a linear behavior due to the composite 
action or polymer reinforced with fibers. At this stress level, the polymer attained its tensile 
strength and the consequent stress release was transferred to the surrounding fibers. This 
process is followed by some fiber slippage that justify the small stress plateau observed in these 
tests, followed by the main contribution of the fibers up to the peak tensile stress. 
 
 
3.3. Foam core 
The foam core of the proposed slab can offer some resistance to the lateral buckling of the ribs, 
as well as to provide some support to the DHCC layer. Additionally, it also helps to improve 
thermal insulation of the proposed hybrid sandwich panels. In the design of the proposed 
hybrid sandwich slabs, the contribution of the foam core on the load carrying capacity of the 
panel was not considered. Due to the type of stress field expected to occur in the foam as a 
constituent element of the developed sandwich slab, its compressive behavior was the selected 
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one since it can provide the relevant information for modeling the contribution of the foam for 
this structural system. In this regard, three prism-shape coupons of Polyurethane foam (PUR 
D/40) [18] with density of 42.5 kg/m3 were prepared based on ASTM C365-03 
recommendations [19]. As recommended by ASTM C 365-03, the minimum and the maximum 
square cross section of the prism should be 25×25 mm2 and 100×100 mm2, respectively [19]. 
Therefore, the square cross section of 70×70 mm2 and a length of 50 mm were adopted for the 
dimensions of the specimens of this experimental program [5]. These specimens were tested by 
adopting a compressive loading controlled by imposing an axial displacement rate of 0.5 
mm/min. The test setup and obtained compressive stress-strain curves are shown in Fig. 11. 
The strain was the displacement between the two steel loading platens divided by the initial 
axial length of the specimen (50 mm).  The results demonstrate that this foam presents an 
almost linear behavior up to an average compressive stress of 0.18 MPa, of an elasticity 
modulus of 5.83 MPa, followed by an almost perfectly plastic behavior up to an axial strain of 
about 0.3, followed by a strain hardening phase due to the internal re-organization of its 
material structure in consequence of the large deformation and restriction to its lateral 
expansibility caused by the direct contact of the steel machine platens and surfaces of the foam 
specimen. 
Fig 11.  
 
4. Manufacture process of the proposed sandwich slab system 
The process of manufacturing the slabs was developed in two phases that include (Fig. 12): 1) 
Fabrication of GFRP body (GFRP ribs and skin) with pre-installed foam cores, by using vacuum 
assisted resin transfer molding (VARTM) process; and 2) Casting the DHCC material in order to 
form a top compressive layer of the sandwich panel. VARTM is an advanced fabrication process 
for polymer-matrix composite structures. The process has been developed over the last decade 
and has several advantages over the traditional Resin Transfer Molding (RTM) process; since 
VARTM process eliminates the costs associated with matched-metal tooling, it reduces volatiles 
emission and allows the use of lower resin injection pressures [25]. The matched-metal tool 
commonly found in RTM process is replaced in the VARTM process by a formable vacuum 
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plastic bag. In VARTM process, the resin is injected through single or multiple inlet ports 
depending upon part size and shape. 
RTM process is commonly used to form molds with liquid composites. This method is primarily 
used to mold components with large surface areas, complex shapes and smooth finishes. The 
VARTM process commonly involves three steps: (a) preforming lay-up of the fiber reinforcing 
system on a rigid plate surface, which is surrounded by a formable vacuum bag; (b) 
impregnation of the fiber reinforced system with resin. The resin is injected through either a 
single or multiple inlet ports (depending on size and shape of the element to develop), and then 
transferred into the element by a pressure gradient (induced by the vacuum pressure), gravity 
and capillary effects; and (c) curing of the impregnated resin for at least 24 hours.  
In the first step of manufacture process, the layers of the GFRP skin were laid out on a steel 
table. Then, the layers of GFRP ribs and the pieces of foam cores were put on the layers of the 
GFRP skin (see Figs 12a and 12b). To perform vacuum process, the GFRP layers and foam were 
carefully wrapped using a plastic cover and subsequently tubes were used to suck the air 
content in the sandwich panel for 24 hours. After ensuring total air evacuation, the resin was 
injected inside the sandwich panel through multiple inlet ports (see Fig. 12c). Afterwards, the 
vacuumed GFRP layers were cured for 24 hours. After the cure procedure has been concluded, 
demolding of specimens was performed by removing the wrapped formable plastic bag which 
was used for vacuuming of specimens in the VARTM process. The shear connection between 
GFRP ribs and DHCC layer was assured by drilling holes in the GFRP ribs.   
Fig 12.  
The rheology of the DHCC was designed in order to flow properly through the holes executed in 
the GFRP ribs for assuring shear connection between these two components of the sandwich 
slab system. For the execution of the DHCC layer for each slab, approximately 50 liters of DHCC 
was prepared. After casting the DHCC layer, the specimens were cured for 28 days. 
5. Test setup and instrumentation 
The behavior of the developed hybrid sandwich slabs was assessed by adopting two different 
flexural loading configurations: Three Point Bending (TPB), and Four Point Bending (FPB). Slab 1 
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was subjected to both TPB and FPB loading configurations, while Slab 2 was only submitted to 
FPB loading configuration. According to Table 6 and Fig. 13, the tests were carried out based on 
displacement control, and two cycles were applied in each sequence of loading, followed by a 
last monotonic loading up to a mid-span deflection of 60 mm (=L/30). In each cyclic loading 
sequence, the applied load was increased up to a certain deflection corresponding to the 
mentioned mid-span deflections in Table 6 and then, after reaching the target deflection at the 
mid-span, it was maintained constant for one minute. Both Slab 1 and Slab 2 were assessed 
under cyclic flexural loading by applying a displacement rate of 30 µm/sec.  
The first step of loading for Slab 1 was composed of the FPB test configuration represented in 
Fig. 14a by applying two cycles with a maximum mid-span deflection of 14.4 mm. After has 
been unloaded, this slab was subjected to a TPB cyclic loading configuration with the same mid-
span deflection. The third and the fourth loading steps were performed under FPB and TPB 
tests, respectively, by applying 21.6 mm deflection at mid-span. Then, in the last loading 
sequence to Slab 1, the mid-span deflection was increased up to 60 mm under TPB test up to 
failure.  
The loading sequences applied to Slab 2 are shown in Fig. 13b, and listed in Table 6. As shown in 
Table 6, the mid-span deflections for Slab 1 and Slab 2 are different. Before implementing the 
flexural tests, it was decided to increase the mid-span deflection up to 2δ ( 250Lδ = , with 
L=1800 mm) for the first load sequence. Based on preliminary numerical simulations, significant 
damages were not expected to occur on the slabs up to a load level corresponding to the mid-
span deflection of 2δ ( 250Lδ = , with L=1800 mm) when a four point loading configuration is 
adopted. Therefore this deflection limit was assumed for the first load sequence in slab 1, 
followed by load sequences of an increase of δ in terms of mid-span deflection (Table 6). 
However, the experimental response of this slab during the first load sequence has presented 
signs of damage, as will be later discussed. Therefore, in order to have a first load sequence 
with a linear response, the increment of deflection adopted in the load sequences of the slab 2 
was limited to δ/2 (Table 6). 
Table 6.  
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Fig 13.  
According to Figs 14a and 14b, seven LVDTs were used to measure deflection and slip on 
different locations of the slabs. In Slab 1, the LVDTs 3, 4 and 5 were used to measure 
deflections, the LVDTs 2 and 6 for measuring vertical displacements on the top surface in the 
alignment of the slab’s supports, and LVDTs 1 and 7 were used to measure slip between DHCC 
layer and GFRP ribs. Slip between GFRP ribs and DHCC layer was measured, mainly, to assess 
the performance of the designed shear connectors.   
Fig 14.  
In Slab 2, LDVTs 3, 4 and 5 were adopted to measure deflections, LVDT 2 measured the vertical 
displacement on one side support, LVDTs 1 and 7 measured slip between DHCC layer and GFRP 
ribs on both end sides, and LVDT 6 measured slip between foam core and DHCC layer (Fig 14c). 
Only a limited number of seven channels for LVDT´s were available in the monitoring 
equipment used in the laboratory. Initially, it was decided to measure the uplift effect in both 
sides of the slab, but after testing Slab 1, it was recognized that it would be more important to 
measure the slip between the DHCC layer and the foam core, because this deformation is quite 
relevant, as shown in Fig. 14c. 
As shown in Fig. 15, eight strain gauges (SG) were used in different positions of the slabs to 
measure strain values. Two SGs were installed in one side of the GFRP rib (SG1 and SG2) and 
two other SGs were installed on top of the GFRP skin layer (SG3 and SG4). The rest of the 
gauges were installed at the bottom of the GFRP skin: three of them for measuring strains in 
longitudinal direction of the slabs (SG5, SG6, and SG7) and the other one for measuring strain in 
transversal direction (SG8). 
Fig 15.  
 
6. Observed damages 
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The damages observed in the slabs due to the applied loadings are shown in Fig. 16. The failure 
of slabs involved the following sequence of damages:  
1) Loss of contact between foam and DHCC layer with visible slip (Fig. 16a);  
2) Damage in the GFRP ribs (Fig. 16b); 
3) Loss of bond between the designed shear connectors in the GFRP ribs and the DHCC layer 
(Fig. 16c); 
4) Splitting cracks formed on the surface of DHCC layer in the alignment of the GFRP ribs (Fig. 
16d); 
5) Crushing of foam cores around the applied load lines (Fig. 16e).  
Fig 16.  
The GFRP skin layer did not experience severe damage, without signs of tensile rupture or loss 
of connection with the GFRP ribs. The present study indicates that VARTM process is a very 
efficient method to produce the sandwich panel slabs, since it has assured the occurrence of 
several localized damages at different stages of the loading process, which has avoided an 
abrupt rupture to the developed slabs, assuring a pseudo-ductile behavior for the slabs. For this 
functioning of the slabs it has contributed the proper bond conditions between the constituent 
parts of the slab assured by this method. 
 
7. Results and discussions 
Fig. 17 shows the relation between the applied load and the deflection measured at the slabs’ 
mid span through the various applied loading steps. In the first loading branch the Slab 1 has 
presented an almost linear force-deflection response up to 91.8 kN, when a deflection of 5.7 
mm was registered (Point B in Fig. 17a). In spite of the first register of damage has been 
detected for a load level of about 70 kN (Point A in Fig. 17a), due to the loss of contact between 
foam and DHCC (Fig. 16b), the decrease of stiffness up to point B was almost imperceptible. At 
point B the damage level has progressed significantly, mainly due to excessive compressive 
strain in the GFRP ribs, the shear connection between these ribs and the DHCC layer has 
assured an increase of load with a larger increment of deflection (branch BC in Fig. 17a), and a 
load of 98.5 kN and a deflection of 11.1 mm were registered at Point C. By further increasing 
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the deflection, the deterioration of the connection between the ribs and the DHCC layer has 
intensified, and a splitting crack started to be visible in the top surface of the DHCC layer along 
the alignment of the GFRP ribs (Fig. 16d). When the target deflection of 14.4 mm was attained 
in the first loading step, unloading followed by another loading cycle was applied up to this 
deflection limit with the same setup. As Slab 1 was damaged during the first cycle, in the 
second cycle the stiffness of the reloading branch was decreased, but the applied load value 
reached 84.3 kN, which corresponds to a decrease of 11.2% in comparison with the peak load 
(Point C in Fig. 17a). After performing the first loading step, the test setup was changed and 
configured for TPB test. In this load step, the damaged Slab 1 has supported 60 kN at 14.4 mm 
mid-span deflection.   
Fig 17. 
The third load step was carried out by conducting a FPB test. During this step, Slab 1 showed 
linear behavior for up to 17.8 mm mid-span deflection and 84.5 kN of applied force. The 
stiffness in this reloading phase was almost equal to the one registered in the previous load 
step. In the first cycle of the third load step, a hardening stage was observed above 17.8 mm of 
deflection, and a peak load of 87.4 kN for a deflection of 21.3 mm were recorded in the Point D 
(Fig. 17a). Above this deflection, the Slab 1 entered in a structural softening stage, and at the 
target deflection of this loading cycle (21.6 mm), this slab presented a load carrying capacity of 
53.8 kN, which is 55% of the peak load. In the second cycle of this third loading sequence the 
peak load has decreased 50% in comparison to the peak load of the first cycle of this loading 
sequence.  
Fig. 18a shows the measured slip between the DHCC layer and the GFRP ribs registered in the 
first cycle of the first loading sequence. It is observed that an abrupt increment of slip was 
occurred at a force/deflection corresponding to the end of the linear branch of the first loading 
cycle applied to the Slab 1. This indicates the stiffness and load carrying capacity of this slab is 
mainly governed by the GFRP ribs-DHCC layer connection. As already indicated, the sequence of 
local failures occurred during the loading process of the Slab 1 assured a gradual decrease of 
load carrying capacity after peak load, and an almost constant residual load carrying capacity of 
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about 14.5 kN was registered in the final stage of the last load sequence (between 90 and 100 
mm, ≈L/20), which is 15% of the peak load. 
Fig 18.  
As stated in the section 5, eight strain gauges were installed in the slabs to measure the 
variation of strains in relevant zones of the slabs. Fig. 19 illustrates the variation of strains 
during the loading process of the first and the sixth loading steps for Slab 1. According to the 
results, a maximum compressive strain of 0.0027 (see Fig. 19a) was recorded in the GFRP rib 
(SG1), while a maximum tensile strain of 0.0013 (see Fig. 19b) was registered in the GFRP skin 
(SG3). The tensile strains measured in the GFRP ribs and skins of Slab 1 were much lower than 
the ultimate strains recorded in the direct tensile tests carried out with specimens extracted 
from these components of the slab (see Table 5). In Slab 1, a compressive strain of 0.00023 
(Point A in Fig. 19a) was registered in the GFRP rib (SG1) at load of 91.8 kN (Point B in Fig. 17a). 
During the deflection hardening stage of the slab 1 (BC in Fig. 17a) the compressive strain in the 
SG1 has increased significantly due to the deterioration of the shear connection between the 
ribs and the DHCC layer. The evolution of the strains in the other SGs was almost linear with the 
applied load, indicating that the damage is almost concentrated in the connection between ribs 
and DHCC layer. 
 Fig 19.  
The test setup of Slab 2 was prepared for a FPB test based on the loading sequence described in 
Table 6. The tests were displacement controlled by using the LVDT included in the servo-
actuator for this purpose, and following the loading steps specified in Table 6. The relationship 
between the load versus slip between the DHCC layer and the GFRP ribs is depicted in Fig. 18b. 
According to the results presented in Fig. 17b, the slab 2 presented a linear-elastic behavior 
during the first loading step, and no slip between GFRP ribs and DHCC layer was registered (Fig. 
18b). The results shown in Fig. 17b are based on external LVDTs. According to the loading 
sequence defined for Slab 2, mid-span deflection was set to 7.2 mm during the first loading step 
using internal LDVT of the servo-actuator, but the results illustrated in Fig. 17b shows 4.3 mm 
measured with the external LDVT. Furthermore, in the second loading step 10.5 mm was 
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applied to Slab 2 using internal LVDT, while the corresponding external LDVT measured 7.2 mm 
deflection at mid-span.  
In the first load sequence, Slab 2 presented a linear behavior up to the target deflection of 3.6 
mm (δ/2, where 250Lδ = , with L=1800 mm) without observing any damage. The maximum 
force registered at mid-span deflection of 3.6 mm was 49 kN. As Slab 2 did not experience any 
damage during this first load sequence, in the second sequence the stiffness of the slab’s 
response was almost unaltered up to 80.5 kN (Point B in Fig. 17b), at which compressive 
damage has occurred in the GFRP ribs (Fig 16b). Like in the Slab 1 the loss of contact between 
DHCC layer and foam was also observed in Slab 1 before peak load (Point A in Fig. 17b, at a load 
of 65 kN), but this had no significant impact in terms of loss of stiffness for the slab. Due to the 
damage at the ribs/DHCC connection, the slab entered in a structural softening stage 
immediately before the second cycle of this second load sequence, and the stiffness of this load 
cycle was not too different from the previous one, with a maximum load of 72.2 kN. The 
stiffness in the first loading branch of the third load sequence was almost equal to the one 
registered in the previous load step. At a load level corresponding to the maximum load 
registered in the previous load cycle, a pronounced nonlinear behavior has occurred due to the 
propagation of damage in that region up to the load level of 72.2 kN (point C), which 
corresponds to a decrease of about 9% in terms of load carrying capacity in comparison to point 
B. This was well captured in Fig. 18b where an abrupt slip was recorded at this loading stage 
(from 0.15 mm at 60.5 kN to 1.98 mm at 72.2 kN). In the second cycle of this load sequence, for 
the target deflection, the maximum load was limited to 60.8 kN. In the first loading branch of 
the fourth load sequence the stiffness evolution was similar to the one occurred in the previous 
cycle up to the peak load in this cycle, followed by a pronounced nonlinear response up to the 
peak load (point D). Like at the end of the first load cycle of the previous load sequence, an 
abrupt increase of slip (Fig. 18b) has occurred during the nonlinear stage of the first load cycle 
of the fourth load sequence (from 2.7 mm at 49.4 kN to 3.9 mm at 62.3 kN). In the second cycle 
of this load sequence, for the target deflection, the maximum load was limited to 40.7 kN. In 
the last load sequence, composed of a monotonically increasing deflection, the load carrying 
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capacity of the slab was decreased smoothly. From the first to the second cycle the ultimate 
load has decreased 14.2%, 15.8%, and 17.9% in the 2nd, 3rd and 4th load sequence, respectively. 
The slab’s load carrying capacity at the ultimate deflection (about 75 mm, ≈L/24) was 
approximately 11.4 kN, which is about 14% of the peak load. The stiffness of the 
unloading/reloading for the loading sequences have smoothly decreased during the loading 
process of the slab, indicating that the linear-elastic nature of the GFRP components of the slab 
has a mandatory influence on the global behavior of the slab. Additionally, the relatively high 
permanent residual deflection at completed unloading stage of the slab is mainly caused by the 
damage propagation in the connection between GFRP ribs and DHCC layer.  
The strains recorded in the SG installed in the Slab 2 are shown Fig. 19 for the first, second and 
the fourth loading sequences. According to the results, a maximum compressive strain of 
0.00088 was recorded in the GFRP ribs (SG1) (see Fig. 19c), and a maximum tensile strain of 
0.001 was measured in the GFRP skin (SG3) (see Fig. 19d). At peak load (80.5 kN, Point B in Fig. 
17b), a maximum compressive strain of 0.0003 was registered in the SG1, while the maximum 
tensile strain was 0.001 in the SG3. Therefore, it can be concluded that the maximum tensile 
strains measured in the GFRP ribs and skins of Slab 2 were much lower than the ultimate strains 
recorded in the direct tensile tests executed in specimens extracted from these GFRP elements 
(see Table 5). 
Fig. 17 presents the curves that represent the evolution of load applied to Slab 1 and Slab 2 and 
the corresponding mid span deflection, for both cases. In these graphics, Point B corresponds to 
the maximum load applied to Slab 1 and Slab 2, when considering the part of the test where 
there is no damage and the slab maintains its global elastic behavior. 
More specifically, Point B of Fig. 17a (Slab 1) corresponds to an applied load of 91.8 kN and a 
corresponding deflection of 5.7 mm (=L/316) and Point B of Fig. 17b (Slab 2) corresponds to an 
applied load of 80.5 kN and a corresponding deflection of 7.2 mm (=L/250).  
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Additionally, the flexural stiffness, EI, of Slab 1 and Slab 2 was evaluated in the elastic range 
considering the experimental results and the values of 1790 kN.m2 in Slab 1 and 1160 kN.m2 in 
Slab 2 were obtained. 
Considering these results, a simplified assumption was adopted to predict the maximum load 
carrying capacity of simply supported hybrid slabs with the same cross sections as the one 
considered for Slab 1 and Slab 2 and submitted to uniformly distributed loads, based on the 
assumption that the maximum load carrying capacity of hybrid slabs is obtained for a 
predefined mid-span deflection that is equal to a serviceability limit state of δ=L/300. 
Equation 2, presented in the manuscript and based on elementary sandwich theory, is able to 
predict the total deflection under distributed load, accounting for flexural and shear 
deformations,  
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where, q is the applied load, L is the beam span, EI is the flexural stiffness, Grib is the shear 
modulus of the GFRP ribs, K is the Timoshenko shear coefficient or reduction factor of stiffness 
and equal to 0.833 [26] and A is the cross section of the ribs.  
Using the calculated EI values, a deflection limit of δ=L/300 and considering now a span of 
5.0 m that is commonly found in many residential buildings and the self-weight of the slabs 
analyzed, it was possible to obtain a maximum load of 3.73 kN/m2 for Slab 1 and 2.35 kN/m2 for 
Slab 2. The values of the slab self-weight were discounted from the maximum load values 
presented (Slab 1 weight is equal to 86.4 kg/m2 and Slab 1 weight is equal to 63.2 kg/m2). These 
values are within the range of live load values usually considered in European design codes, for 
residential buildings.  
8. Connection of hybrid slabs to the masonry walls  
Frequently, in building rehabilitation, the vertical supporting elements correspond to relatively 
thick masonry walls. In such cases, the general solution for the slab-to-wall connections is based 
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on steel angles anchor bolted to the masonry walls. These supports must be capable of 
mobilizing enough strength in the masonry walls to withstand the necessary vertical support 
reactions. The supporting solution should also guarantee an effective load transfer and capable 
of being easily installed. The proposed solution is represented in Fig. 20. The steel angle is 
previously connected to the masonry wall using anchoring systems that are commercially 
available. Afterwards, a steel plate and an elastomeric layer are installed on the top part of the 
steel profile in order to minimize the bending moment transferred from the sandwich slab to 
the masonry wall. Steel bolts are then inserted in the top part of the steel profile, in order to 
assure proper medium for the transference of the resultant stresses from the sandwich slab to 
the steel profile. These bolts are fixed to the bottom GFRP skin of the panel by interposing a 
steel plate for avoiding the occurrence of local damages in the GFRP skin. To avoid any type of 
local failure around this steel bolt, a foam strip at the extremities of the sandwich panel is 
replaced by DHCC.  
Fig 20. 
 
9. Conclusions 
In this paper, two slabs based on a new hybrid sandwich concept were built and experimentally 
tested. The type of materials and their disposition were conveniently developed and arranged 
for obtaining a slab system suitable for rehabilitation of the built patrimony. For assuring a 
lightweight slab with a convenient compromise of strength and ductility, this hybrid sandwich 
panel is formed by a top compressive layer of deflection hardening cement composite (DHCC), 
ribs and bottom skin in glass fiber reinforced polymer (GFRP) laminate, and a core foam with 
insulation requisites. The developed DHCC was reinforced with different PAN fibers, and 
presented a very ductile flexural behavior. For assuring an effective connection between DHCC 
and GFRP ribs, a simple, but efficient technology was adopted by executing holes of small 
diameter the top zone of the GFRP embedded in the DHCC layer.  In the development of the 
GFRP ribs and skins, the number and organization of layers, and the orientation of fibers were 
selected for assuring level of stiffness and strength suitable for this type of applications. 
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The flexural performance of the proposed hybrid sandwich slabs was assessed by executing 
experimental cyclic tests, and from the results the following relevant observations can be 
pointed out: 
1) Both slabs have presented an almost linear force versus mid-span response up to pick 
load, followed by a smooth load carrying degradation in the structural softening, which 
is justified by the predominance of the linear behavior of the GFRP systems; 
2) Up to the deflection corresponding to serviceability limit state (L/250), no relevant 
damages were observed; 
3) The nonlinearities observed in the response of the tested slabs are mainly caused by the 
damage occurred in the GFRP ribs-DHCC connection, and the splitting cracks formed in 
the DHCC in the alignment of the GFRP ribs; 
4) The stiffness degradation in load cycles of a loading sequence, as well as between 
consecutive loading sequences was relatively small, resulting instantaneous permanent 
deflections at unloading stages that are relatively high, which is caused by the 
continuous damage at the GFRP ribs-DHCC connection; 
5) The maximum strain levels in the GFRP components were much lower than the ultimate 
strain determined on the tensile tests carried out with coupons of these composites; 
6) Regarding the load carrying capacity presented for hybrid slabs, it seems that the 
proposed hybrid slabs offer adequate potential for the proposed design purposes. This 
hybrid sandwich slab has a dead weight less than 1 kN/m2, which is about 1/3 of the 
dead weight of conventional slabs used in residential buildings. 
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Fig 1.  a) GFRP face sheets and a foam-web core (GFFW) panel [3]; b) Utilizing thickness unidirectional 
glass fibers to prevent delamination [4]; c) Utilizing GFRP ribs to connect top and bottom GFRP skins 
[5]; d) Developed GFRP sandwich panels built with GFRP corrugated sheets and through-thickness 
fibers [6]; e) Hybrid sandwich panel developed by Norton [7]; f) Used steel shear connectors (left side) 
and composite shear connectors (Right side) [7]; g) Textile-Reinforced Concrete (TRC) Sandwich 
Sections with Pin-connector and shear grid [8] 
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a) 
  
b) c) 
 
 
d) 
Fig 2. Schematic representation of the proposed hybrid sandwich panel: a) Components of the hybrid 
sandwich panel; b) Geometry and disposition of openings in the ribs; c) Transition between GFRP rib 
and GFRP skin; d) Geometry characterization of the proposed hybrid sandwich panels 
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Fig 3. a) Flexural stress vs. mid span displacement
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a) 
 
b) 
Fig 4. a) PAN fiber surface covered by cement hydrated products; b) predominant failure modes for 
the fibers: rupture for PAN12 and debond for PAN6 
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a) 
 
 
b) 
Fig 5. DHCC specimens and tests: a) Extraction configuration from DHCC panels; b) Test setup, load 
and support conditions 
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d) 
Fig 6.  Deflection in the middle right and left spans versus total load and maximum flexural stress in 
the sagging regions of specimens extracted in a) longitudinal (L), b) transversal (W) direction; c) 
average deflection versus total load and flexural stress in the hogging region; d) Crack patterns in the 
longitudinal specimens tested in statically indeterminate support conditions 
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                              a)                                                                                                        b) 
 
                              c)                                                                                                          d) 
Fig 7. Sort of GFRP layers for: a) skin in Slab 1 with the laminate thickness of 3 mm; b) rib in Slab 1 
with the laminate thickness of 6 mm; c)  skin in Slab 2 with the laminate thickness of 5 mm; b) rib in 
Slab 2 with the laminate thickness of 4 mm 
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d) 
Fig 8. Nomenclature of GFRP specimens extracted from: a) rib of 4 mm thickness; b) skin of 5 mm 
thickness; c) rib of 6 mm thickness; d) skin of 3 mm thickness 
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d) 
Fig 9. Assessment of the tensile properties of GFRP used in the ribs and skins: a) Test setup; b) details 
of the coupon; c) monitoring system for measuring the longitudinal strains; d) typical failure modes 
based on ASTM D3039 definition  
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a) 
 
b) 
c) 
                     
d) 
Fig 10. Stress-strain diagrams obtained in the GFRP specimens extracted from: a) Rib (Slab 2); b) Skin 
(Slab 2); c) Rib (Slab 1); d) Skin (Slab 1)  
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Fig 11. Foam cores specimens tested under compression loading 
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d) Execution of holes in ribs to assure shear 
connections 
Fig 12. Steps of the manufacture process of the sandwich slabs by using VATRM technology 
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a) Slab 1 
 
b) Slab 2 
Fig 13. Cyclic tests loading sequences  
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c) 
 
d) 
Fig 14. a) LVDT’s positions on Slab 1; b) 3D view of LVDTs 6 and 7 positions in Slab 1; c) 3D view of 
LVDTs 2, 6, and 7 positions in Slab 2; d) Test setup 
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a) 
  
b) 
Fig 15. Positions of strain gauges (SG) on the: a) on the GFRP skin from top view; b) GFRP rib (Slab 2) 
from lateral view  
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a) 
  
                                   
b) 
Fig 17. Obtained results from the applied cyclic flexural loading in the: a) Slab 1; b) Slab 2 
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a) 
                   
 
 
 
 
 
 
b) 
Fig 18. Measured slip between GFRP rib and DHCC layer in: a) Slab 1 (LVDT 7 in Fig. 14b); b) Slab 2 
(LVDT 7 in Fig. 14c) 
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e) 
Fig 19. Measured strains in: a) The first cycle of FPB test in Slab 1; b) The first cycle of TPB test in Slab 
1;  c) The first cycle of FPB test in Slab 2; d) The second cycle of FPB test in the Slab 2; e) The fourth 
cycle of FPB test in slab 2 
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Fig 20. Hybrid slab-to-wall connection 
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Table 1. Geometrical properties of the proposed slabs in details  
Name 
Height (mm) Width (mm) 
Slab 1 Slab 2 Slab 1 Slab 2 
A 149 115 --- --- 
B 20 20 --- --- 
C 3 5 --- --- 
D 119 85 --- --- 
E 160 130 --- --- 
F 50 50 --- --- 
G --- --- 260 260 
H --- --- 400 400 
I --- --- 6 4 
K --- --- 200 200 
L --- --- 130 130 
M --- --- 40 40 
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Table 2. Properties of used PAN fibers 
Fiber Length 
(mm) 
Diameter 
(μm) 
Elasticity modulus 
(MPa) 
Tensile strength 
(MPa) 
Density 
(gr/cm
3
) 
Elongation 
% 
PAN6 6 58 9910 564 1.17 13-17 
PAN12 12 26 6856 264.4 1.17 14-18 
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 Table 3. Mixture proportions 
* Powder: Cement + Fly ash  
** Admixture: viscosity modification agent + superplasticizer 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cement/ 
Powder* 
Fly ash/ 
Powder 
Limestone filler/ 
Powder 
Sand/ 
Powder 
Admixture**/ 
Powder 
Water/ 
Powder 
0.5 0.5 0.09 0.2 0.033 0.388 
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Table 4. Properties of used materials for GFRP ribs and skins (see Fig. 8 and Fig. 9) 
Specimen’s 
designation 
Slab 
number 
Slab’s 
component 
UNIE640 
(stitched 
unidirectional 
fabric) 
EBX400 
(biaxial 
fabrics) 
Number 
of 
UNIE640 
layers 
Number 
of 
EBX400 
layers 
Thickness 
of slab’s 
component 
Specimens 
with fibers 
oriented at  
C1 , C2 
2 
Rib 
 600 gr/m
2
 at 
0º 
+  
40 gr/m
2
 at 
90º 
 
400 gr/m² at 
±45º 
2 9 4 mm 
0
0
 
C3 , C4 90
0
 
C5 , C6 , C7 45
0
 
C8 , C9 , C10 
Skin --- 10 
--- 
 
5 mm 
90
0
 
C11 , C12 00 
C13, C14 
1 
Rib 
 
400 gr/m² at 
±45º 
2 15 6 mm 
0
0
 
C15 , C16, C17 90
0
 
C18 , C19  45
0
 
C20 , C21 , C22 
Skin --- 6 --- 3 mm 
90
0
 
C23 , C24 , C25 0
0
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Table 5. Tensile properties of GFRP coupons representative of ribs and skins of the developed slabs 
(see Fig. 10) 
Specimen’s 
designation 
Slab 
number 
Slab’s 
component 
Specimens 
with fibers 
oriented at  
Tensile 
strength  
Modulus of 
elasticity  
Ultimate 
strain  
(MPa) (GPa) (%) 
C1 , C2 
2 
Rib 
0
0
 112.5 13.03 2.40 
C3 , C4 900 61.08   8.62 1.51 
C5 , C6 , C7 450 174.02 13.63 2.35 
C8 , C9 , C10 
Skin 
90
0
 63.03 12.10 2.40 
C11 , C12 0
0
 573.01 36.06 1.66 
C13 , C14 
1 
Rib 
0
0
 170.80 13.18 2.59 
C15 , C16 , C17 90
0
 98.35 13.01 11.7 
C18 , C19 45
0
 332.21 15.96 2.20 
C20 , C21 , C22 
Skin 
90
0
 65.98 13.30 2.22 
C23 , C24 , C25 0
0
 785.68 31.41 2.50 
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Table 6. Flexural loading sequence of Slab 1 and Slab 2 (see Fig. 13) 
 
Sequences of 
applied loading  
Type of applied 
cyclic loading  
Numbers of applied cyclic 
loading in each sequence 
Midspan deflection 
in each cyclic loading 
sequence (mm) 
S
la
b
 1
 
1 FPB  
 
2 
 
 
14.4 
2 TPB 14.4 
3 FPB 21.6 
4 TPB 21.6 
5 FPB 28.8 
6 TPB Increasing up to failure 100 
S
la
b
 2
 
1 
FPB 
 
2 
 
3.6 
2 7.2 
3 10.5 
4 14.4 
5 Increasing up to failure 80 
 
